Background: The functional role of nitric oxide (NO) and various nitric oxide synthase (NOS) isoforms in asthma remains unclear.
Introduction
Asthma is an inflammatory disease of the airways that is characterized by airway obstruction and increased airway responsiveness [1] . NO (nitric oxide) is a short-lived molecule that causes vasodilation and bronchodilation. It is synthesized from L-arginine by three forms of the enzyme NO synthase: two constitutive NO synthases (cNOS) are involved in the physiological regulation of airway function, and an inducible form of the enzyme (iNOS) is involved in inflammatory disease of the airways and in host defense against infection [2, 3] .
We previously demonstrated that NO metabolites were increased in tracheo-bronchial secretions of asthmatic subjects in parallel with asthma severity, and that NO metabolites in sputum are a more valuable indicator for monitoring asthmatic airway inflammation than those in serum [4, 5] .
Ozone is an important component of the photochemical oxidation product of air pollution emitted from automobile engines [6] . Acute ozone exposure decreases pulmonary function, increases airway hyper-responsiveness (AHR), and induces airway inflammation in dogs [7] , guinea pigs [8] , and humans [9] [10] [11] . NO may play a critical role in ozone-induced pulmonary inflammation or damage. We reported that the nNOS isoform might be involved in airway obstruction in mice exposed to ozone [12] . The functional roles of neuronal NOS (nNOS), endothelial NOS (eNOS), and iNOS in the murine model of asthma with ozone exposure are uncertain.
This study investigated the roles of the individual NOS isoforms and evaluated the relationship between NO metabolites and lung function using barometric wholebody plethysmography (WBP) in mice after ozone and allergen exposure.
Methods

Mice
Female BALB/c mice (DaeMul Laboratories, Daejeon, Korea) known to IgE-high responder, aged 5 to 6 wk, were used. The mice were maintained on ovalbumin free diets. The mice were individually housed in rack-mounted stainless steel cages with free access to food and water.
Ovalbumin-induced allergic airway disease model
An ovalbumin (OVA)-induced allergic airway disease model of asthma with some modification was used [13] . Briefly, mice were sensitized by means of intra-peritoneal injection of on day 1, 14 d with 10 µg of Grade V OVA (Sigma Chemical, St Louis, Mo) and 1 mg of aluminum potassium sulfate (Sigma Chemical) in 500 µL of saline solution. Mice were then challenged on days 21 to 23 by daily exposure (30 min) to an aerosol of 1% (wt/vol) OVA in saline solution. Vehicle control mice were sensitized with a suspension of aluminum potassium sulfate (1 mg) in saline solution (500 µL) and challenged with nebulized saline solution daily from days 21 to 23. Aerosol challenge was carried out on groups of up 20 mice in a closed system chamber attached to an ultrasonic nebulizer (NE-UO7; Omron Corporation, Tokyo, Japan) with an output of 1 mL/min and 1-to 5-µm particle size.
Ozone exposure
The mice housed in whole-body exposure chambers were exposed to ozone concentrations of 2 ppm for 3 h (n = 6), which dose and time of ozone was selected according to our previous study [14] . Ozone was generated with Sander Model 50 ozonizers (Sander, Eltze, Germany). The concentration of ozone within the chambers was monitored throughout the exposure with ambient-air ozone motors (Model 49C; Thermo Environmental Instruments Inc., Franklin, Mass). The air-sampling probes were placed in the breathing zone of the mice. The mean chamber ozone concentration ( ± SEM) during the 3 hr exposure period was 1.98 ± 0.06 ppm. The breathing parameter values of spontaneously breathing BALB/c mice were determined under standard conditions at room air and temperature.
Determination of airway responsiveness
Airway responsiveness was measured by barometric plethysmography using whole body plethysmography (Buxco, Troy, NY) immediately after ozone exposure while the animals were awake and breathing spontaneously as a modification of the method described by Hamelmann et al [15] . Penh measured in mice using barometric plethysmography is a valid indicator of bronchoconstriction and can be used to measure AHR [15] [16] [17] . Bronchoconstriction is known to alter breathing patterns, and changes in Pause (timing of early and late expiration) and Penh are really due to alterations in the timing of breathing, as well as prolongation of the expiratory time. Furthermore, airway constriction increases the thoracic flow asynchronously with the nasal flow, resulting in an increase in the box pressure signal. Penh is an empiric parameter that reflects changes in the waveform of the measured box pressure signal that are a consequence of bronchoconstriction. Before taking readings, the box was calibrated with a rapid injection of 150 µl air into the main chamber. Measured were pressure differences between the main chamber of the WBP containing the animal, and a reference chamber (box pressure signal). This box pressure signal is caused by volume and resultant pressure changes in the main chamber during the respiratory cycle of the animal. A pneumotachograph with defined resistance in the wall of the main chamber acts as a low pass filter and allows thermal compensation. The time constant of the box was determined to be approximately 0.02 s. Mice were placed in the main chamber, and baseline readings were taken and averaged for 3 min. Bronchoalveolar lavage (BAL) fluid preparation and analysis BAL was performed immediately after the last measurement of airway responsiveness. The mice were deeply anesthetized intraperitoneally with 50 mg/kg of pentobarbital sodium and were killed by exanguination from the abdominal aorta. The trachea was cannulated with a polyethylene tube through which the lungs were lavaged three times with 1.0 ml of physiologic saline (4.0 ml total). The BAL fluid was filtered through wet 4 × 4 gauze. Trypan blue exclusion for viability and total cell count was performed. The BAL fluid was centrifuged at 150 × g for 10 min. The obtained pellet was immediately suspended in 4 ml of physiologic saline, and total cell numbers in the BAL fluid were counted in duplicate with hemocytometer (improved Neubauer counting chamber). Then, a 100 µl aliquot was centrifuged in a cytocentrifuge (Model 2 Cytospin; Shandon Scientific Co., Pittsburg, PA). Differential cell counts were made from centrifuged preparations stained with Diff-quick, counting 500 or more cells in each animal at a magnification × 1,000 (oil immersion).
OVA-specific IgE
Serum was obtained by means of orbital bleeding of anesthetized mice on day 25 of the sensitization-challenge protocol, 24 hrs after the final OVA or saline challenge. Serum was stored in 100-µL aliquots at -73°C until processed for measurement of OVA-specific IgE. OVA-specific IgE levels were quantitated by using ELISA, as previously described [18] . Briefly, flat-bottomed, 96-well ELISA plates (Immuno Maxisorp; Nalge Nunc International, Roskilde, Denmark) were coated overnight at 4°C with 100 µg/mL OVA in coating buffer (NaHCO 3 , 1.94 g/L; NaCO 3 , 3.52 g/L; and dH 2 O, 1 L [pH9.6]). After 3 washes with 0.5% Tween-20/PBS plates were blocked with 200 µL/well of 1% BSA/PBS for 1.5 hrs at 37°C. After 6 washes with 0.5% Tween-20/PBS, serum samples (1:10, 1:50, and 1:100 dilutions in 1% BSA/PBS) were incubated for 1.5 hrs at 37°C. Pooled sera from OVA sensitized-challenged mice served as a positive control, and pooled normal mouse sera served as a negative control. After 6 washes with 0.5% Tween-20/PBS, 100 µL/well of sheep antimouse IgE (1:8000 in 1% BSA/PBS, Calbiochem-Novabiochem Corp, La Jolla, Calif) was added for 1.5 hrs at 37°C. After 6 washes with 0.5% Tween-20/PBS, 100 µL/ well of horseradish peroxidase-conjugated rabbit antisheep IgG (1:2000 in 1% BSA/PBS, Cabiochem-Novabiochem Corp) was added for 1.5 hrs at 37°C. After a further 6 washes with 0.5% Tween-20/PBS, 100 µL/well of TMB substrate was added to each well. The color reaction was stopped 20 to 30 minutes later by addition of 100 µL/well 2 mol/L H 2 SO 4 . ODs were read at 450 nm, with a reference wavelength of 620 nm. Levels of OVA-specific IgE in serum samples were expressed in arbitrary units (AUs), where 1 AU equals the OD of the 1:50 dilution of the positive control sera. Serum OVA-specific IgE levels were then interpolated from the linear part of the OD versus AU standard curve of the positive control sera.
Measurement of nitrite and nitrate production
Nitrite production was quantified colorimetrically after the Griess reaction as described by Greenberg et al [19] . BAL fluid supernatant, or standard (100 µL), was reacted with an equal volume of Griess reagent (1% sulfanilamide/0.1% naphthylethyllenedihydrochloride/2.5% phosphoric acid, Sigma Chemical Co.) in duplicate microtiter wells at room temperature. Chromophore absorbance at 540 nm was determined. Nitrite concentration was calculated using sodium nitrite (BDH Chemical Co.) as a standard. To assay sample nitrate, 200 µL BAL fluid supernatant, or standard containing 100 µL of 200 mM ammonium formate (including 100 mM HEPES, Sigma Chemical Co.) was reduced to nitrite at 37°C for 1 hr by adding 100 µL nitrate reductase [E. coli (ATCC25922), American Type Collection, Rockville, MD], followed by centrifugation to precipitate nonreacting E. coli for 5 min, after which the nitrite was quantified as described above.
Western blot analysis
The lung was rapidly isolated following saline, ozone exposure for 3 h, and ozone and OVA challenge was rapidly frozen. The lung tissues were homogenized at 3000 rpm in a solution containing 250 mmol/L sucrose, 1 mmol/L ethylenediaminetetra-acetic acid, 0.1 mmol/L phenylmethylsulfonyl fluoride, and 10 mmol/L Tris-HCl buffer, at pH 7.6. Large tissue debris and nuclear fragments were removed by two low-speed spins in succession (1000 × g for 10 min and 10,000 × g for 10 min). Protein samples (100 µg) were loaded and electrophoretically size-separated with a continuous system consisting of a 12.5% polyacrylamide resolving gel and 5% polyacrylamide stacking gel. The proteins were then electrophoretically transferred to a nitrocelluose membrane at 20 V overnight. The membranes were washed in Tris-based saline buffer (pH 7.4) containing 0.1% Tween-20 (TBST), blocked with 5% nonfat milk in TBST for 1 hour, and incubated with a 1:750 dilution of antirabbit polyclonal bNOS, eNOS, iNOS antibody (Transduction Laboratories, Lexington, KY, USA) in 2% nonfat milk/TBST for 1 h at room temperature. The membranes were then incubated with a horseradish peroxidase-labeled goat antirabbit IgG (1:1200) in 2% nonfat milk in TBST for 2 hours. The bound antibody was detected by enhanced chemiluminescence (Amersham, Little Chalfont, Buckinghamshire, UK) on hyperfilm. The relative protein levels were determined by analyzing the signals of autoradiograms using the transmitter scanning videodensitometer.
Statistical analysis
All data were analyzed using the SPSS version 7.5 for Windows. Data are expressed as mean ± SEM. Inter-group comparisons were assessed by non-parametric method using Mann-Whitney U test. A p-value of less than 5% was regarded as statistically significant.
Results
Methacholine induced AHR and OVA specific IgE
The OVA-sensitized/ozone-exposed/OVA-challenged group had significantly higher methacholine-induced P enh than the OVA-sensitized/saline challenged group (Ozone vs. OVA + Ozone; P enh 0: 0.79 ± 0.02 vs. 0.86 ± 0.04, P enh 3.12: 1.14 ± 0.10 vs. 1.23 ± 0.02, P enh 6.25: 1.23 ± 0.12 vs. 1.53 ± 0.10, P enh 12.5: 1.71 ± 0.27 vs. 1.88 ± 0.16, P enh 25: 1.97 ± 0.34 vs. 2.10 ± 0.14, P enh 50: 2.26 ± 0.40 vs. 2.59 ± 0.14, P < 0.01). The serum OVA-specific IgE levels were higher in the OVA-sensitized/ozone-exposed/OVA-challenged group compared with the OVA-sensitized/ozoneexposed/saline-challenged group and OVA-sensitized/ ozone-exposed/ozone-exposed group (Ozone vs. OVA + Ozone; 0.1 ± 0.02 AU vs. 0.35 ± 0.09 AU, P < 0.05).
BAL differentials and lung histology
The proportion of eosinophils in BAL fluids was significantly higher in the OVA-sensitized/ozone-exposed/OVAchallenged group than in the OVA-sensitized/saline-challenged and OVA-sensitized/ozone-exposed groups (8.2 ± 1.21% vs. 1.4 ± 0.28% vs. 1.2 ± 0.03%, respectively; P < 0.05). The proportion of neutrophils in BAL fluid was significantly higher in the OVA-sensitized/ozone-exposed/ OVA-challenged group than in the other groups (5.6 ± 2.0% vs. 2.4 ± 1.32% vs. 7.8 ± 1.34%; P < 0.05). The development of inflammation in the lungs of OVA-sensitized/ ozone-exposed/OVA-challenged mice was assessed using a histologic examination of hematoxylin and eosinstained sections of lung tissue. Lungs were isolated on day 25 from mice sensitized with OVA and challenged with ozone or saline solution. Representative 5-µm paraffin sections of lung tissue (three sections per 100 µm) were examined. Marked bronchial wall edema and neutrophils were observed in lung tissue sections from the OVA-sensitized/ozone-exposed/OVA-challenged group with eosinophil influx into the peribronchial, perivascular, and alveolar tissues. No inflammation was observed in lungs from OVA-sensitized/saline-challenged mice.
Nitrite/nitrate concentrations and NOS isoforms expression
The nitrate concentration in BAL fluids, which indicates the in vivo generation of NO in the airways, from the OVAsensitized/ozone-exposed/OVA-challenged group, was significantly greater than that of the OVA-sensitized/ saline-challenged group (653.2 ± 230.1 vs. 212.5 ± 27.8 µmol/L, P < 0.05, Fig. 1 ). Although the OVA-sensitized/ ozone-exposed/OVA-challenged group had significantly higher nNOS and eNOS levels than the OVA-sensitized/ saline-challenged group, it had significantly lower iNOS levels (Fig. 2) .
Discussion
The important finding of this study was the down-regulation of pulmonary iNOS and the up-regulation of eNOS and nNOS in mice after ozone exposure. None of these enzymes was further affected by allergen exposure. We also found that the methacholine-induced P enh , serum OVA-specific IgE levels, and eosinophils in BAL fluids were higher in the allergen-sensitized/ozone-exposed/ allergen-challenged group than in the allergen-sensitized/ saline-challenged group.
NOS is an enzyme that is active in airway epithelial cells, macrophages, neutrophils, mast cells, autonomic neurons, smooth muscle cells, fibroblasts, and endothelial cells. The chemical products of NOS in the lung vary with disease state and are involved in pulmonary neurotransmission, host defense, and airway and vascular smooth muscle relaxation [20] .
Excessive production of NO following in vivo exposure of rats to ozone may be directly cytotoxic to lung cells and tissue [21] . Ozone inhalation induces iNOS expression in vivo, providing molecular evidence for the possible involvement of NO generation in ozone-induced pulmonary inflammation or lung damage [22] . Chiba et al. [23] reported that NOS activity in airway tissues was elevated in antigen-induced AHR rats, mainly due to the induction of iNOS in the airways. Constitutive eNOS and nNOS are not down-regulated in this animal model of AHR. In our study, although the levels of NO metabolites, eNOS, and nNOS increased in mice after ozone exposure, the expression of iNOS decreased, suggesting that eNOS and nNOS contribute to the formation of NO metabolites in mice after ozone exposure.
In this study, we found that eNOS and nNOS expression was up-regulated in the OVA-sensitized/ozone-exposed/ OVA-challenged group, which had greater AHR than that the OVA-sensitized/saline-challenged group, suggesting that eNOS and nNOS contribute to AHR. As previously described [23] [24] [25] , iNOS is involved in inflammatory disease of the airways. If ozone induces pulmonary inflammation and NO plays a critical role in the ozone-induced pulmonary inflammation, it seems likely that iNOS plays a more important role in the generation of NO in mice after ozone exposure than eNOS and nNOS. Our results show that iNOS expression decreased in response to ozone exposure, while expression of eNOS and nNOS increased remarkably. The discrepancy between previous results [23] [24] [25] and this study might be due to the different exposure protocols (concentration and duration of exposure), species, and detection methods (mRNA and protein level) used. Moreover, the down-regulation of lung iNOS expression and the up-regulation of eNOS and nNOS in mice after ozone exposure were observed, and none of these enzymes were further affected by allergen exposure, suggesting that allergen exposure after ozone exposure did not affect NOS expression. Recently, Kobayashi et al. [26] reported that iNOS induction serves as a protective mechanism to minimize the effects of acute exposure to hyperoxia. In accordance with their study, we suggest that iNOS is involved in the anti-inflammatory effect that follows ozone exposure. Moreover, Fagan et al. [27] reported changes in the expression of eNOS and iNOS in the lungs of mice with severe hypoxia-induced pulmonary hypertension, using quantitative reverse transcription polymerase chain reaction: the level of lung eNOS was increased, while iNOS was below the limit of detection. Therefore, we suggest that NOS expression differs with the level of protein and RNA. NO has been implicated as an important mediator of allergic inflammation via the selective inhibition of helper T lymphocytes (Th1), which secrete interferon (IFN)-γ and in turn suppress the proliferation of Th2 lymphocytes [28] . Eosinophilic inflammation in asthma is driven by Th2 lymphocytes, which secrete interleukin (IL)-5. In this study, we found that the nitrate concentration and the The level of nitric oxide metabolites in bronchoalveolar lavage fluid Figure 1 The level of nitric oxide metabolites in bronchoalveolar lavage fluid. The level of nitric oxide metabolites in bronchoalveolar lavage fluid was increased in OVA sensitized-ozone exposed and OVA challenged group compared with OVA sensitized-saline challenged group. * p < 0.05 compared with OVA sensitized-saline challenged group. proportion of neutrophils and eosinophils in BAL fluid were increased in the OVA-sensitized/ozone-exposed/ OVA-challenged group, suggesting that eNOS and nNOS expression after ozone exposure may be activated via neutrophilic and eosinophilic airway inflammation.
In summary, these findings suggest that the eNOS and nNOS isoforms induce airway responsiveness after ozone exposure, while iNOS is decreased. None of these enzymes were further affected by allergen exposure, suggesting that NOS is differentially involved in mice following ozone exposure.
